The ketogenic diet (KD) is an effective therapy primarily used in pediatric patients whom are refractory to current anti-seizure medications. The mechanism of the KD is not completely understood, but is thought to involve anti-inflammatory and anti-oxidant processes. The nutritionally-regulated transcription factor peroxisome proliferator activated receptor gamma, PPARγ, regulates genes involved in anti-inflammatory and anti-oxidant pathways. Moreover, endogenous ligands of PPARγ include fatty acids suggesting a potential role in the effects of the KD. Here, we tested the hypothesis that PPARγ contributes to the anti-seizure efficacy of the KD. We found that the KD increased nuclear protein content of the PPARγ2 splice variant by 2-4 fold (P b 0.05) in brain homogenates from wild-type (WT) and epileptic Kv1.1 knockout (KO) mice, while not affecting PPARγ1. The KD reduced the frequency of seizures in Kv1.1KO mice by~70% (P b 0.01). GW9662, a PPARγ antagonist, prevented KD-mediated changes in PPARγ2 expression and prevented the anti-seizure efficacy of the KD in Kv1.1KO mice. Further supporting the association of PPARγ2 in mediating KD actions, the KD significantly prolonged the latency to flurothyl-induced seizure in WT mice by~20-35% (P b 0.01), but was ineffective in PPARγ2KO mice and neuron-specific PPARγKO mice. Finally, administering the PPARγ agonist pioglitazone increased PPARγ2 expression by 2-fold (P b 0.01) and reduced seizures in Kv1.1KO mice by~80% (P b 0.01). Our findings implicate brain PPARγ2 among the mechanisms by which the KD reduces seizures and strongly support the development of PPARγ2 as a therapeutic target for severe, refractory epilepsy.
Introduction
Approximately 30% of people with epilepsy do not achieve adequate seizure control with current anti-seizure drugs. The high fat, low carbohydrate ketogenic diet (KD) is an highly effective therapeutic option for this non-responsive population completely abolishing seizures in 7-10% of patients and reducing seizure frequency by N 50% in two-thirds of patients (Freeman et al., 2006) . Due to the strict regimen of the KD, it is primarily prescribed to pediatric patients, but is effective in adult epilepsies (Stafstrom and Rho, 2012) . Despite compliance issues in adults, the KD is currently under investigation as treatment for other neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease and Amyotrophic Lateral Sclerosis (Stafstrom and Rho, 2012) . Although the mechanisms of KD anti-seizure efficacy are not completely understood, the KD has been demonstrated to involve disease-modifying pathways including central anti-inflammatory and anti-oxidant pathways and those that improve mitochondrial function (Masino and Rho, 2012) .
In the periphery, the KD is thought to engage peroxisome proliferator activated receptors (PPAR), type II nuclear transcription factors that regulate lipid and energy metabolism (Masino and Rho, 2012; Cullingford, 2004) . Interestingly, one PPAR isoform, PPARγ, is not only a master regulator of adipogenesis, lipid metabolism and insulin sensitivity (Medina-Gomez et al., 2007a; Medina-Gomez et al., 2007b) , but also regulates anti-inflammatory, anti-oxidant and mitochondrial genes similar to the KD (Mandrekar-Colucci et al., 2013 , Fong et al., 2010 Bernardo and Minghetti, 2006) . Moreover, there is significant interest in the potential therapeutic applications of PPARγ agonist-mediated neuroprotection in diverse neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease and Amyotrophic Lateral Sclerosis (Heneka and Landreth, 2007) . Interest in PPARγ in the epilepsy community has had a late and slow start with the first research study appeared in 2006 and the total count to date is a little over a dozen (Okada et al., 2006; Luna-Medina et al., 2007; Maurois et al., 2008; Yu et al., 2008; Hong et al., 2008 Hong et al., , 2012 Hong et al., , 2013 Abdallah, 2010; Han et al., 2011; Jeong et al., 2011; Adabi Mohazab et al., 2012; Chuang et al., 2012; Hughes et al., 2014; Boes et al., 2015) . These studies span acute seizure models, post-status epilepticus (SE) models, kindling and, for the most part, consistently support beneficial neuroprotective and anti-seizure effects of PPARγ agonists in epilepsy. Experimental Neurology 287 (2017) [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] PPARγ activation is initiated by ligand binding. The PPARγ ligand binding pocket is large (1300 Å 3 ) which allows structural promiscuity for a wide variety of endogenous or natural agonists (i.e. unsaturated fatty acids, eicosanoids, oxidized lipids, nitroalkenes), synthetic agonists (e.g. thiazolidinediones which are clinically useful in treatment of Type II Diabetes Mellitus) and synthetic antagonists (currently there are no known endogenous antagonists) (Itoh et al., 2008; Fong et al., 2010; Kroker and Bruning, 2015; Sauer, 2015) . The nature of the large ligand binding pocket makes PPARγ an effective sensor and transducer of environmental nutritional and inflammatory states. There are two PPARγ isoforms, PPARγ1 and PPARγ2, which result from alternative splicing and differential promoter use (Tontonoz et al., 1994) . The isoforms are identical except that PPARγ2 contains an additional 30 amino acids at its N-terminus that convey a 5-10 fold more effective ligand-independent transactivation and increased ligand binding affinity to the ligand-binding domain relative to PPARγ1 Shao et al., 1998; Castillo et al., 1999; Bugge et al., 2009 ). The expression of PPARγ1 appears ubiquitous, whereas PPARγ2 is restricted to adipose tissue; however, high fat diets can induce the expression of PPARγ2 (Vidal-Puig et al., 1996 .
A recent report suggests that KD-treatment of normal mice increases PPARγ in brain (Jeong et al., 2011) ; however, PPARγ isoforms were not distinguished and, more importantly, whether this change in PPARγ expression held importance for KD effects in an animal model of epilepsy was not determined. Here, using multiple genetic and pharmacologic tools we sought to determine whether (i) the KD regulates PPARγ isoforms in epileptic brain, (ii) such regulation contributes to KD anti-seizure efficacy, and (iii) activation of PPARγ alone attenuates spontaneous recurrent seizures.
Materials and methods

Animals
All mice were housed in the Animal Resource Facilities at Creighton University School of Medicine in a temperature (25°C)-and humidity (50-60%)-controlled and pathogen-free environment. Mice were given food and water ad libitum and kept on a 12-hour light/dark cycle. Heterozygous Kcna1-null mice on a C3HeB/FeJ congenic background were purchased from Jackson Laboratories (Bar Harbor, Maine) and bred to obtain Kv1.1 wild-type (WT) and Kv1.1 knockout (KO) littermates. Heterozygous Pparγ2-null mice on a mixed 129sv-C57Bl/6 background were provided by Gema Medina-Gomez (Universidad Rey Carlos, Madrid, Spain) (Medina-Gomez et al., 2005 , 2007b and bred to obtain PPARγ2WT, PPARγ2Het and PPARγ2KO littermates. Tail clips were taken at postnatal day (P)10-P15 and sent to Transnetyx Inc. for genotyping (Cordova, TN, U.S.A.). Homozygous -NKO mice (Lu et al., 2011) . All procedures involving animals were in accordance with National Institutes of Health guidelines, the EU Directive 2010/63/EU and were approved by the Institutional Animal Care and Use Committees at Creighton University School of Medicine.
Dietary and pharmacological treatments
On P21, mice were randomly weaned onto either a standard diet (SD) or a KD (6.3:1, fat to carbohydrates plus proteins; Bio-Serv F3666, Frenchtown, NJ, U.S.A.) for 10-14 days. For dietary experiments involving singly housed Kv1.1WT and Kv1.1KO mice, drinking water contained either 0.0323% DMSO vehicle or the PPARγ antagonist GW9662 (2.68 mg/ml) to obtain an average dosage of 1.062 ± 0.038 mg/kg/day (n = 18) (Iwanami et al., 2010; Min et al., 2012) .
There was no difference in the average daily water consumption or resulting GW9662 dosage between experimental groups (Fig. 1) . For experiments involving pioglitazone, on P32-33 Kv1.1KO mice were intraperitoneal-injected with saline vehicle for two days, followed by five days of daily pioglitazone injections (10 mg/kg/day, i.p., at 9:00 AM) (Abdallah, 2010) .
2.3. Blood β-hydroxybutyrate and glucose measurements β-hydroxybutyrate and glucose levels were measured every three days from blood samples collected from the tail vein of each mouse using a test strip system and reader (Precision Xtra Advance Diabetes Management System with Precision Xtra blood ketone test strips and blood glucose test strips; Abbott Diabetes Care Inc., Alameda, CA, U.S.A.).
Intracranial electroencephalography (iEEG) electrode implantation and seizure analysis
On~P27, mice underwent surgical implantation of electrodes. Mice were maintained under isoflurane anesthesia and normothermic conditions. One ground (1.5 mm anterior lamba, 1.5 mm lateral) and two subdural (1 mm posterior Bregma, 1.5 mm bilateral) iEEG electrodes were implanted, secured and attached to a headmount. Following a 5-6 day recovery, seizures were monitored for 48 h using a continuous infrared video surveillance system time-synced to an EEG recording system (Pinnacle Technology, Inc., Lawrence, KS, U.S.A) as we have described (Roundtree et al., 2016; Simeone et al., 2014a; Fenoglio-Simeone et al., 2009a,b) . EEG recordings were acquired with a 250 Hz sampling rate and band-pass filtered between 0.5 and 40 Hz. During seizure monitoring, mice were single-housed in hexagon cages. EEG recordings were imported into Spike2 v6-7 software (Cambridge Electronic Design, Cambridge, England. U.K.) for initial seizure identification using timefrequency analysis. Subsequently, EEG seizures were confirmed using Sirenia software (Pinnacle Technology, Inc.) that time-synced EEG and video recordings and behavioral manifestations were manually verified by 2 blinded investigators. Incidence and severity of each seizure was scored for the first 15 min of each hour during the time period of highest seizure occurrence for Kv1.1KO mice (00:00-08:00) (Simeone et al., 2014a; Fenoglio-Simeone et al., 2009b) . Seizure severity was scored using a modified Racine scale: 0-normal; 1-myoclonic jerk; 2-side-toside head movement; 3-forelimb/hindlimb clonus, tail extension, a single rearing event; 4-continuous rearing and falling; 5-severe tonic-clonic seizures. To weigh the incidence and severity of seizures, seizure burden index (SBI) scores were calculated using the equation: SBI = [Σ(σ i γ i )]/ε, where σ indicates the severity; i indicates each stage of seizure (1-5); γ is the frequency; and ε indicates the total number of epochs scored as we have described (Simeone et al., 2014a; Roundtree et al., 2016; Simeone et al., 2016) . 
Immunofluorescent western blot
PPARγ is a type II nuclear receptor. As such, it is primarily located in the nucleus regardless of the presence or absence of ligand. Therefore, we determined relative PPARγ protein levels in nuclear extracts. Nuclei were isolated from whole brain homogenate using a nuclear extraction kit according to manufacturer instructions (AY2002; Affymetrix, Inc., Santa Clara, CA, U.S.A.). Nuclear extracts were mixed with Laemmli's loading buffer (Bio-Rad, Hercules, CA, U.S.A.) containing betamercaptoethanol (Sigma-Aldrich, St. Louis MO, U.S.A.), heated to 99°C and run through precast PAGE gels (Bio-Rad). Proteins were transferred to Immobilon-FL PVDF membranes (EMD Millipore, Billerica, MA, U.S.A.), which were then blocked in Odyssey blocking buffer (OBB; LiCor Biosciences, Lincoln, NE, U.S.A.) and phosphate buffered saline (PBS) at a 1:1 ratio for 1 h at room temperature (RT). Membranes were incubated with the following primaries overnight at 4°C: rabbit anti-PPARγ (1:400, 07-466, EMD Millipore, was used for Fig. 3 and Fig.  6 ; 1:1000, ABN1445, EMD Millipore, was used for Fig. 5 ; both antibodies recognize PPARγ1 at 52 kDa and PPARγ2 at 56 kDa) and mouse anti-β-actin (1:8000; 926-42212, Li-Cor Biosciences). After PBS-T washes membranes were incubated in secondary antibodies for 1 h at RT: goat anti-rabbit (1:5000; 926-32221, Li-Cor Biosciences) and goat anti-mouse (1:20,000-1:40,000; 926-32210, Li-Cor Biosciences). Membranes were washed in PBS-T and rinsed in distilled water. Samples were run in duplicate on each gel. Densitometric analysis was conducted using images captured on an Odyssey FC (Licor, Lincoln, NE) and PPARγ protein signal was normalized to within well β-actin values. Averages of the duplicates were determined and values normalized to the WT-SD values within each gel.
Immunoflourescent histochemistry
Mice were quickly anesthetized with isoflurane, decapitated, brains were removed and frozen in methyl-butane on dry ice. Sections affixed to slides were fixed in 4% paraformaldehyde in 0.1 M PB (pH 7.4), washed with 0.01 M PBS/0.3% Triton X-100, pH 7.4 (PBS-T) and blocked with 10% normal goat serum/PBS-T. Sections were incubated with rabbit anti-PPARγ (1:400, 07-466, EMD Millipore) overnight at room temperature followed by AF-594 conjugated goat anti-rabbit IgG (1:600, Invitrogen, Grand Island, NY, U.S.A.) for 3 h at room temperature after which sections were immediately cover-slipped with mounting media containing DAPI. Sections were imaged using an EVOS fluorescent imaging system outfitted with Texas Red, GFP and DAPI light cubes (Thermofischer Scientific, Waltham, MA, U.S.A.).
Flurothyl-induced seizures
All experiments were performed in a fume hood. Mice (P32-36) were acclimated 1 h before testing. Mice were individually placed in a 2.7 L airtight glass chamber. A 10% solution (in 95% ethanol) of flurothyl (bis-2,2,2-trifluoroethyl ether; Sigma-Aldrich, St. Louis, MO, U.S.A.) was delivered by a syringe pump (KD Scientific, Holliston, MA, U.S.A.) at a constant rate of 0.05 ml/min and allowed to drip onto a Whatman grade 1 filter paper until the mouse reached a generalized tonic-clonic seizure with loss of posture (Araki et al., 2002) . Seizure latency was measured from the first drop of flurothyl onto the filter paper to the onset of the generalized tonic-clonic seizure.
Reagents and statistics
Unless otherwise specified, all reagents were purchased from SigmaAldrich. Statistical significance was determined with Prism6 software (Graphpad Software Inc., La Jolla, CA, U.S.A.) using unpaired t-test, one-way ANOVA or two-way ANOVA for genotype and treatment with an appropriate post hoc test where appropriate.
Results
KD increases PPARγ2 in the brains of normal WT mice and epileptic Kv1.1KO mice
The Kv1.1KO mouse is a model of temporal lobe epilepsy that exhibits severe and frequent spontaneous recurrent seizures (SRS) (Simeone et al., 2013 (Simeone et al., , 2014a Fenoglio-Simeone et al., 2009a ,b Kim et al., 2015 Roundtree et al., 2016) . We have previously demonstrated that the KD is highly efficacious in Kv1.1KO mice attenuating seizures by 70-80% (Fenoglio-Simeone et al., 2009a; Kim et al., 2015) . Here, we sought to determine whether PPARγ expression is changed in KD-treated control WT mice and epileptic Kv1.1KO mice.
Similar to previous studies (Lu et al., 2011; Moreno et al., 2004; Sarruf et al., 2009; Gahring et al., 2005) , we found that PPARγ appears to be primarily located in the nucleus of cells in the principal layers of the hippocampus (Fig. 2) . Because we were interested in whether there were differences in the amount of PPARγ protein readily available to exert transcriptional effects, we examined whether nuclear content of the two splice variants of PPARγ (γ1, γ2) in homogenates of mouse brain tissue differed between WT and Kv1.1KO littermates. The two PPARγ splice variants were differentially regulated between genotypes. In western blot experiments, we found that PPARγ1 predominated in WT brain (0.5 ± 0.13 WT v. 0.3 ± 0.04 KO, n = 9-10, P = 0.126, unpaired t-test), whereas PPARγ2 predominated in Kv1.1KO brain (0.17 ± 0.06 WT v. 0.38 ± 0.05 KO, P b 0.05, unpaired t-test) resulting in a significantly larger PPARγ2/γ1 ratio in the epileptic tissue (0.59 ± 0.16 WT v. 1.4 ± 0.24 KO, P b 0.05, unpaired t-test) (Fig. 3a) .
Next, we determined whether KD-treatment affected nuclear PPARγ protein levels. A two week KD treatment selectively increased PPARγ2 2-4 fold in both genotypes, whereas PPARγ1 was unaffected (Fig. 3b1, b2, c1, c2) . This effect of the KD was greater in WT where the 4-fold increase brought levels of PPARγ2 equal to those of Kv1.1KO mice treated with KD and resulted in a near doubling of the PPARγ2/γ1 ratio in both genotypes (Fig. 3b3) . Further normalization to SD-treated WT values, revealed that even though KD-treatment increased PPARγ2 four-fold in both genotypes, the resulting PPARγ2/γ1 ratio was increased only~58% in WT whereas it was increased to~510% in Kv1.1KO (Fig. 3c3) .
Previous studies have shown that, in a positive feed forward loop, PPARγ increases expression of itself and its coactivators such as PGC-1α (Fong et al., 2010) . To determine whether the KD engages PPARγ itself to increase PPARγ2 we co-administrated the blood-brain-barrier permeable PPARγ antagonist GW9662 in the drinking water (~1 mg/ kg/day; Fig. 1 ; Iwanami et al., 2010; Min et al., 2012) . GW9662 prevented the KD-induced increase of PPARγ2 in both genotypes (Fig.  3b,c) suggesting that the KD increases PPARγ2 in a PPARγ-dependent manner.
Inhibition of PPARγ by GW9662 prevents KD attenuation of SRS in epileptic Kv1.1KO mice
We next determined whether PPARγ contributed to the anti-seizure efficacy of the KD using pharmacologic techniques. Mice were weaned onto either a standard diet (SD) or KD. On~P27, mice underwent surgical implantation of subdural recording electrodes. On~P33, continuous video-EEG recordings were obtained for 48 h. Seizure frequency was quantified and further weighted for Racine scale severity to calculate a seizure burden index score for each mouse. A seizure burden index score provides an important consolidated metric to convey the effect of a given treatment on both the frequency and severity of seizures (Simeone et al. 2014a; Barker-Haliski et al., 2015; Roundtree et al., 2016) . Similar to our previous findings (Fenoglio -Simeone et al., 2009a ,b Kim et al., 2015 , KD treatment decreased seizure frequency and burden of Kv1.1KO mice by~70% (Fig.4) . GW9662 co-treatment prevented the KD from significantly reducing Kv1.1KO seizures (Fig. 4) . These data suggest that PPARγ may be involved in the antiseizure mechanisms of the KD.
Genetic loss of either PPARγ2 or neuronal PPARγ prevents KD-mediated increases of seizure threshold in non-epileptic mice
We further determined the contribution of PPARγ in the effects of KD on raising seizure thresholds using two genetic strains of mice: PPARγ2KO mice and neuron-specific PPARγ KO mice. Previous studies have demonstrated complete loss and partial loss of PPARγ2 in KO (Lu et al., 2011) . We found that PPARγ2 protein is absent and 60% reduced in nuclear extracts of brain homogenates from our PPARγ2KO and PPARγ2HET mice, respectively, and found that PPARγ1 protein levels where similar to PPARγ2WT (Fig. 5a) . Interestingly, -NKO mice fed a SD or KD (n = 5-7; two-way ANOVA, interaction: F(1,19) = 6.588, P = 0.0189, treatment: F(1,19) = 16.43, P = 0.0007, genotype: F(1,19) = 7.805, P = 0.0116; Tukey's multiple comparisons post-hoc test, **P b 0.01 as compared to SD).
PPARγ2 protein was also reduced by~50% in nuclear extracts of brain homogenates from our Pparγ fl/fl -NKO mice relative to PPARγ fl/fl control mice, whereas the PPARγ1 protein was slightly, but non-significantly, decreased by~16% (P = 0.21) (Fig. 5b) . This was unexpected because Cremediated deletion of exons 1 and 2 in neurons of PPARγ fl/fl -NKO mice is predicted to result in loss of PPARγ1 and a nonfunctional, N-terminal, 43 amino acid translational product of PPARγ2 that lacks part of the activation function 1, AF1, domain and the first zinc finger of the DNA binding domain (He et al., 2003) . The greater reduction of PPARγ2 that we have observed may indicate that PPARγ2 has a more prominent role in neurons relative to PPARγ1.
To determine whether genetic loss of PPARγ would affect the KD, knockout mice and their control littermates were fed either a SD or KD for two weeks, at the end of which the latency to flurothyl-induced generalized tonic-clonic (GTC) seizures was measured. KD-treatment increased seizure latency of PPARγ2WT mice, but failed to protect heterozygous and PPARγ2KO littermates (Fig. 5c ). KD-treatment was ineffective in Pparγ fl/fl -NKO mice, whereas seizure latencies of PPARγ fl/fl control mice fed a KD were significantly increased (Fig. 5d ). These data suggest that PPARγ2 and neuronal PPARγ may play an important role for KD-mediated seizure protection. Our data also indicates that inhibition of or loss of PPARγ does not unmask a convulsant mechanism. GW9662 treatment alone did not worsen Kv1.1KO seizures (Fig. 3b,c) , nor did treatment induce spontaneous seizures in WT mice (n = 4, not shown). We also found that two weeks of GW9662 treatment did not influence seizure thresholds of WT mice exposed to the volatile convulsant flurothyl (n = 6, not shown). Furthermore, we did not observe spontaneous seizures in PPARγ2KO mice and Pparγ fl/fl -NKO mice, and these mutant mice did not differ in flurothyl seizure threshold compared to control mice (Fig. 5c,d ).
The PPARγ agonist pioglitazone increases brain PPARγ2 and attenuates SRS in epileptic Kv1.1KO mice
To determine whether activating PPARγ alone reduced seizure frequency and/or burden (to levels resembling the KD), Kv1.1KO mice were treated with pioglitazone, a PPARγ agonist and Type II Diabetes Mellitus therapeutic thiazolidinedione compound. Kv1.1KO mice were treated with saline vehicle for two days followed by five days of pioglitazone treatment (10 mg/kg/day, i.p.). Pioglitazone crosses the bloodbrain-barrier and the 10 mg/kg/day dose has been used frequently in previous studies of neuroprotection (Abdallah, 2010 , Adabi Mohazab et al., 2012 , Grommes et al., 2013 . Similar to the KD, pioglitazone increased PPARγ2 in Kv1.1KO brain homogenates by 2-fold relative to vehicle (Fig. 6a) and decreased seizure frequency and burden by~80% (Fig. 6b,c) . These results support that PPARγ activation is sufficient to reduce seizures in an animal model of severe epilepsy.
Loss of PPARγ does not alter KD effects on β-hydroxybutyrate, glucose or weight
Peripheral increases in blood ketone bodies (e.g., β-hydroxybutyrate) and/or reductions in blood glucose have been implicated in the mechanism of action of the KD (Masino and Rho, 2012) . Therefore, we determined whether our pharmacologic or genetic manipulations of PPARγ attenuated the KD effects on peripheral ketone bodies and glucose. We measured blood concentrations of β-hydroxybutyrate and glucose in mice from all experimental groups. We found that antagonizing PPARγ with GW9662 did not affect KD modulation of concentrations of blood β-hydroxybutyrate, blood glucose, or body weight of Kv1.1KO or WT mice (Fig. 7a) . Similarly, these parameters were not influenced by genetic loss of PPARγ2 (Fig. 7b ) or neuronal PPARγ (Fig. 7c) . Pharmacological treatment with the PPARγ agonist pioglitazone did not change blood β-hydroxybutyrate, glucose or body weight in either Kv1.1KO or WT mice on SD (Fig. 7d) . These data suggest two conclusions. First, peripheral and central PPARγ are not involved in regulating blood ketone bodies or glucose in normal and epileptic mice fed an SD or KD. This finding is in agreement with studies demonstrating differential effects of pioglitazone on blood glucose of normal and diabetic rats, and no effect on ketone bodies (Ikeda et al., 1990; Larsen et al., 2003) . Second, central PPARγ is an important, inducible anti-seizure mechanism in these mouse models.
Discussion
In the present study, we used Western blot, immunohistochemistry and video-EEG in conjunction with in vivo pharmacologic and genetic manipulations to determine the contribution of the nutrient-sensitive transcription factor PPARγ to the anti-seizure efficacy of KD therapy. (i) We found that in the hippocampus PPARγ was primarily located in the nucleus of cells in pyramidal layers. (ii) Interestingly, the KD preferentially increases nuclear expression of the PPARγ2 splice variant in the brain of control and epileptic mice. This is reflected in an increase in the PPARγ2/γ1 splice variant ratio which is much more prominent in epileptic mice due to a concomitant decrease in PPARγ1. (iii) We found that KD treatment significantly reduces spontaneous recurrent seizures (SRS) of epileptic mice. This effect is abolished by co-administration of a PPARγ antagonist. (iv) Further, PPARγ antagonism prevents KD-mediated increases of nuclear PPARγ2 in the brain of both control and epileptic mice. (v) KD treatment increases the threshold of flurothyl-induced seizures in control mice. This effect is not present in mutant mice lacking PPARγ2 and mutant mice lacking neuronal PPARγ. (vi) Finally, Fig. 6 . PPARγ agonism increases brain PPARγ2 and decreases seizures. (a) Treatment with a PPARγ agonist pioglitazone increases nuclear content of PPARγ2 in Kv1.1KO brain tissue, but has no effect on PPARγ1; thus, increasing the PPARγ2/γ1 ratio. Mice (P35) were administered pioglitazone (PIO; 10 mg/kg/day, i.p., at 9:00 AM) daily for six days. Three hours after the last injection brain cell nuclear extracts were analyzed for PPARγ by Western blot. *P b 0.05, **P b 0.01 (n = 10 control and 6 PIO mice; unpaired t-test). (b, c) Pioglitazone reduced the frequency of seizures and seizure burden index (a measure of seizure frequency and modified Racine scale severity; see Methods). On P32-33, mice were i.p.-injected with saline vehicle for two days, followed by five days of daily pioglitazone injections (10 mg/kg/day, i.p., at 9:00 AM). *P b 0.05, **P b 0.01 as compared to vehicle (n = 4 mice; repeated measures one-way ANOVA with Tukey's multiple comparisons post-hoc test).
administration of PPARγ agonist increases nuclear PPARγ2 in the brain of epileptic mice and significantly reduces SRS. (vii) Pharmacologic and genetic manipulation of PPARγ does not affect KD-mediated changes in weight, blood glucose or blood β-hydroxybutyrate suggesting that PPARγ does not achieve its effects by altering these biochemical consequences of the KD. This is the first study to systematically determine a role for PPARγ in the effects of the KD and provide evidence for the anti-seizure potential of PPARγ agonists in an animal model of chronic epilepsy. Collectively, our data implicate brain PPARγ2 among the mechanisms by which the KD reduces seizures. Fig. 7 . Ketone bodies, glucose and weight are unaffected by PPARγ modulation regardless of genotype or dietary treatment. (a) Ketogenic diet (KD) treatment increases blood β-hydroxybutrate, decreases blood glucose and decreases weight of Kv1.1 wild-type (WT) and knockout (KO) mice to a similar degree. PPARγ antagonism with GW9662 did not change KD effects on these parameters. Reported values are from P35 mice that were weaned onto either a SD or KD with vehicle or GW9662 in the drinking water on P21 (n = 4-6). Blood β-hydroxybutrate (n = 4-6; two-way ANOVA, interaction: F(3,27) = 0.5033, P = 0.6832, treatment: F(3,27) = 20.82, P b 0.0001, genotype: F(1,27) = 1.759, P = 0.1959; Tukey's multiple comparisons post-hoc test, *P b 0.05, **P b 0.01, ***P b 0.001 as compared to SD), blood glucose (n = 4-6; two-way ANOVA, interaction: F(3,27) = 0.3481, treatment: F(3,27) = 9.046, P = 0.0003, genotype: F(1,27) = 9.923, P = 0.004; Tukey's multiple comparisons post-hoc test, **P b 0.01 as compared to SD) and body weight (n = 4-6; two-way ANOVA, interaction: F(3,27) = 0.1806, P = 0.9087, treatment: F(3,27) = 8.211, P = 0.0005, genotype: F(1,27) = 15.83, P = 0.0005; Tukey's multiple comparisons post-hoc test, **P b 0.01 as compared to SD). (b) Genetic loss of PPARγ2 did not alter KD effects on blood β-hydroxybutrate, blood glucose or weight. Reported values are from P30 mice that were weaned onto either a SD or KD with vehicle or GW9662 in the drinking water on P21 (n = 4-9 mice). Blood β-hydroxybutrate (n = 4-9 mice; two-way ANOVA, interaction: F(2,28) = 0.7771, P = 0.4694, treatment: F(1,28) = 79.01, P b 0.0001, genotype: F(2,28) = 0.7421, P = 0.4853; Tukey's multiple comparisons post-hoc test, **P b 0.01, ***P b 0.001 as compared to SD), blood glucose (n = 4-9 mice; two-way ANOVA, interaction: F(2,30) = 0.8746, P = 0.4274, treatment: F(1,30) = 57.43, P b 0.0001, genotype: F(2,30) = 0.01317, P = 0.9869; Tukey's multiple comparisons post-hoc test, **P b 0.01, ***P b 0.001 as compared to SD) and weight (n = 4-9 mice; two-way ANOVA, interaction: F(2,29) = 4.813, P = 0.0157, treatment: F(1,29) = 90.6, P b 0.001, genotype: F(2,29) = 3.13, P = 0.0588; Tukey's multiple comparisons post-hoc test, **P b 0.01, ***P b 0.001 as compared to SD). (c) Neuron-specific loss of PPARγ did not alter KD effects on blood β-hydroxybutrate, blood glucose or weight. Reported values are from P30 mice that were weaned onto either a SD or KD with vehicle or GW9662 in the drinking water on P21 (n = 3-11 mice). Blood β-hydroxybutrate (n = 3-9 mice; two-way ANOVA, interaction: F(1,20) = 0.3642, P = 0.553, treatment: F(1,20) = 20.91, P = 0.0002, genotype: F(1,20) = 1.043, P = 0.3193; Holm-Sidak's multiple comparisons post-hoc test, *P b 0.05, ***P b 0.001 as compared to SD), blood glucose (n = 3-11 mice; two-way ANOVA, interaction: F(1,22) = 0.1269, P = 0.7251, treatment: F(1,22) = 27.96, P b 0.0001, genotype: F(1,22) = 0.0038, P = 0.9512; Tukey's multiple comparisons post-hoc test, *P b 0.05, **P b 0.01 as compared to SD) and weight (n = 3-11 mice; two-way ANOVA, interaction: F(1,22) = 0.00181, P = 0.9665, treatment: F(1,22) = 12.21, P = 0.0021, genotype: F(1,22) = 0.109, P = 0.7444; Tukey's multiple comparisons post-hoc test, **P b 0.01). (d) The PPARγ agonist pioglitazone (10 mg/kg/day, i.p., for five days) did not affect blood β-hydroxybutrate concentrations, blood glucose concentrations or weight of wild-type (WT) or Kv1.1 knockout (Kv1.1KO) mice as compared to vehicle injected mice (P40; n = 3-8).
Seizures increase brain PPARγ
Similar to findings in chronic neurodegenerative disorders and acute stroke models (Kitamura et al., 1999; Diab et al., 2002; Victor et al., 2006; Fong et al., 2010; Wang et al., 2012) , the expression of brain PPARγ increases subsequent to SE induced by lithium-pilocarpine, unilateral intrahippocampal kainic acid, intraperitoneal injection of kainic acid and electrically-induced self-sustaining SE Hong et al., 2008; Jeong et al., 2011; Chuang et al., 2012; Boes et al., 2015) . Concomitantly, the products of the PPARγ-regulated genes Pgc-1alpha and Ucp2 are increased after lithium-pilocarpine and intrahippocampal kainic acid (Han et al., 2011; Chuang et al., 2012 ). In the current study, we examined the expression of both PPARγ splice variants, γ1 and γ2, in the brains of wild-type mice and epileptic Kv1.1KO. Similar to a previous report (Gahring et al. 2005) , we found that PPARγ1 predominated in wild-type brain. In contrast, in epileptic Kv1.1KO brain we found that PPARγ2 was the dominant form resulting in a PPARγ2/γ1 ratio that was increased three-fold in Kv1.1KO brains relative to WT.
Further studies are needed to determine the cause of this flip in isoform, but could involve isoform-specific altered nuclear translocation or gene expression. Potential causes that preferentially enhance nuclear translocation of PPARγ2 over PPARγ1 may be generation of isoformspecific ligands, altered expression of isoform-specific co-factors or post-translational modifications. Alternatively, transcription, translation or splicing of PPARγ2 could be increased in epilepsy. Recently, it was found that at the initial stage of adipogenesis another nuclear receptor, glucocorticoid receptor (GR), is transiently recruited along with the transcription factor C/EBPβ to a complex consisting of PBP/ MED1/TRAP220 and p300 to enhancer regions of the Pparg2 isoform. In response to glucocortocoids, this results in a transient increase in H3K9 acetylation and enhances the induction of PPARγ2, which becomes the principal driver of adipogenesis (Steger et al., 2010) . Intriguingly both C/EBPβ and glucocorticoids increase in the brain with seizures (Lu et al., 2013; Engel et al., 2013; Maguire and Salpekar, 2013) . PGC-1α activation of PPARγ also enhances interactions with p300/CBP (Puigserver et al., 1999) . Whether PPARγ2 regulates distinct gene sets is unclear, but it has been shown to upregulate catalase expression to a greater degree than PPARγ1 and is important in providing protection against lipotoxicity (Medina-Gomez et al., 2007a,b; Yakunin et al., 2014) .
Assuming that the seizure/injury-induced changes in PPARγ expression are part of an endogenous neuroprotective mechanism that limits damage similar to that proposed for other neurodegenerative disorders (Kitamura et al., 1999; Diab et al., 2002; Victor et al., 2006; Fong et al., 2010; Wang et al., 2012) , then loss of PPARγ should exacerbate markers of injury and possibly seizures. Chuang et al. (2012) found that pretreatment with bilateral focal injections of the PPARγ antagonist GW9662 reduces UCP2 and exacerbates intrahippocampal kainic acid SE-induced increases in ROS, oxidized proteins, mitochondrial Bax, cytosolic cytochrome C, DNA fragmentation and decreases in mitochondrial respiratory complex I (MRCI) activity. Unfortunately, the authors failed to report the details of SE, so it is not known whether PPARγ antagonism worsened the SE (Chuang et al., 2012) . In contrast, in a similar study GW9662 did not worsen cell loss due to intrahippocampal kainic acid, but it did abrogate the protective effects of the PPARγ agonist NP031112 (Luna-Medina et al., 2007) . Similarly, in the current study we administered GW9662 to epileptic Kv1.KO mice and WT littermates, however, contrary to expectations, inhibiting PPARγ did not increase SRS in Kv1.KO mice nor did it induce seizures or lower seizure threshold in WT mice. Furthermore, we also found that PPARγ2KO mice and neuron specific-PPARγ KO mice did not have spontaneous seizures. In fact their seizure thresholds were no different than control littermates. From these experimental results we can draw the tentative conclusion that the presumed seizure-induced increase in PPARγ may afford some neuroprotection against injury, but may not raise the seizure threshold per se.
PPARγ2 contributes to the anti-seizure effects of the KD
Although the possibility of a role for PPARγ in the mechanism of the ketogenic diet has been briefly speculated in review articles for the past several years (Kobow et al., 2012; Masino and Rho, 2012; Gano et al., 2014) , until the current study there has only been one study published which experimentally explored this possibility (Jeong et al., 2011 ). Jeong et al. (2011 fed WT mice a KD for four weeks and found a three-fold increase of PPARγ protein in cell lysate from hippocampal tissue compared to SD-fed mice, but did not determine the importance of splice variants or whether PPARγ played an active role in the mechanism of the KD. In the current study, we aimed to determine whether the KD changes PPARγ expression in the brains of epileptic and normal mice; and, if so, whether it contributes to the anti-seizure effects of the KD. Treating epileptic Kv1.1KO mice for two weeks with a KD reduced seizures by~70% as we have reported previously (Fenoglio-Simeone et al., 2009b; Kim et al. 2015; Simeone et al., 2016) . KD-treatment increased PPARγ2 in both genotypes resulting in PPARγ2/γ1 ratios that were 2-fold and 6-fold higher for WT and Kv1.1KO brain compared to SD-fed WT mice. Co-administration of GW9662 prevented the increase in nuclear PPARγ2 and prevented KD-mediated seizure reduction in Kv1.1KO mice. Combined with the findings that GW9662 did not worsen seizures or lower seizure threshold, these results support our previous interpretation that PPARγ does not play a role in setting the endogenous seizure threshold, and that the effects of GW9662 on KD anti-seizure efficacy are not merely a result of unmasking a seizuregenic mechanism of inhibiting PPARγ. Rather, antagonism of PPARγ directly interferes with the anti-seizure mechanism of the KD. To further test the importance of PPARγ in the KD mechanism, we obtained PPARγ2KO mice and conditional neuron-specific PPARγ KO mice. We found that KD-treatment was unable to raise the seizure threshold of PPARγ2KO mice and conditional neuron-specific PPARγ KO mice.
Stereotypical biochemical consequences of KD treatment include ketone body production and lower glucose. Elegant studies have convincingly demonstrated that both ketone bodies and restricted glucose have anti-seizure effects. Ketone bodies may achieve seizure control via entering the TCA cycle and increasing ATP production, directly providing anti-oxidant capacity and reducing damaging ROS, inhibiting cyclophilin D induction of mitochondrial membrane permeability transition which preserves the calcium buffering capacity of mitochondria and prevents cell death, and by opening of K ATP channels Kim et al., 2007 Kim et al., , 2015 Masino and Rho, 2012; Haces et al., 2008) . Reduced glucose may increase seizure thresholds or dampen hyperexcitability by inducing ATP release which is dephosphorylated to adenosine activating adenosine A1 receptors and hyperpolarizing neuronal membranes by opening K ATP channels (Kawamura et al., 2011 (Kawamura et al., , 2014 ). In the current study, pharmacologic and genetic reduction of PPARγ expression/function did not affect the stereotypic KD increase of blood β-hydroxybutyrate or decrease of glucose indicating that (i) PPARγ does not play a role in these effects of the KD, (ii) the attenuation of KD anti-seizure efficacy is not an indirect effect of PPARγ on ketones or glucose and (iii) central actions of PPARγ, more specifically PPARγ2, contribute to the anti-seizure mechanism of the KD.
What does the KD provide that could be activating PPARγ?
The KD provides plenty of fat, and unsaturated fatty acids, such as omega-3 and omega-6 long chain polyunsaturated fatty acids, are notably increased in blood serum of patients (Fraser et al., 2003) . Importantly, long chain polyunsaturated fatty acids and their metabolites, eicosanoids, oxidized lipids and nitroalkenes are all natural ligands for PPARγ (Yamamoto et al., 2005; Fong et al., 2010) . Also, it was recently determined that the saturated fatty acid decanoic acid (a.k.a. capric acid), a primary constituent of the medium chain triglyceride ketogenic diet, is a ligand for PPARγ at physiologically relevant concentrations (Malapaka et al., 2012) . In vivo treatment suggests that decanoic acid is a selective PPARγ modulator (i.e., partial agonist) as it improves glucose sensitivity and lipid profiles without weight gain in diabetic mice (Malapaka et al., 2012) . In vitro experiments in hippocampal slices found that decanoic acid decreases PTZ-induced epileptiform activity in a concentration-dependent manner (Chang et al., 2013) . Furthermore, decanoic acid-induced increases in citrate synthase, catalase and MRCI activity in SH-SY5Y neuronal cultures were inhibited by a PPARγ antagonist (Hughes et al., 2014) . Alternatively, Jeong et al. (2011) found that treatment of cultured HT22 cells (a hippocampal neuronal cell line) with the ketone body acetoacetate (5 mM) increases PPARγ over a 12 h period; however, thus far we have been unable to replicate this finding in primary hippocampal neuronal cultures (Simeone et al., unpublished observations) . Therefore, at the moment it seems that the unsaturated and saturated fatty acids provided by a ketogenic diet may be the ligands for PPARγ, and that PPARγ may be involved in the anti-seizure mechanism of the various formulations of the ketogenic diet regardless of the type of fat content.
The selective increase of nuclear PPARγ2 over PPARγ1 may be due to the additional 30 amino acids in the PPARγ2 N-terminal transactivation domain that convey a 5-10 fold more effective ligand-independent transactivation and increased ligand binding affinity to the LBD relative to PPARγ1 Shao et al., 1998; Castillo et al., 1999; Bugge et al., 2009) . PPARγ2 is the only PPARγ isoform regulated at the transcriptional level by nutrition (Medina-Gomez et al., 2007a) . The PPARγ2 expanded ligand-independent transactivation domain also confers differential interaction with transcriptional co-factors and post-translational modifications that would most likely result in tissue-specific differences in the regulation of gene sets by the PPARγ splice variants. This is evident in the periphery where PPARγ2, but not PPARγ1, is induced during high fat diets and initiates adipogenesis, increases lipid-buffering and reduces lipotoxicity (Medina-Gomez et al., 2007b) . Therefore, the most likely mechanisms for this isoform-specificity of the KD probably involve either regulation of signaling cascades responsible for post-translational modifications that contribute to selective nuclear translocation or transcription of PPARγ2 and/or providing a PPARγ ligand, possibly selective for PPARγ2.
Conclusions
The results of this study clearly demonstrate that PPARγ plays an important role in the anti-seizure mechanism of the KD, one of the only non-surgical treatments for refractory epilepsy, and strongly support pursuing central PPARγ2 as a novel therapeutic target for refractory epilepsy. We further demonstrate that the PPARγ agonist and Type II Diabetes Mellitus drug pioglitazone increases PPARγ2 and effectively attenuates SRS of chronically epileptic mice. PPARγ agonists and the KD regulate similar anti-inflammatory, anti-oxidant and pro-mitochondrial pathways. These include, but are not limited to, upregulation of IκB, inhibition of NFκB, reduction of cytokines such as IL-1β, IL-6 and TNF-α, upregulation of genes encoding mitochondrial enzymes involved in oxidative phosphorylation (e.g., multiple subunits of complexes I, II, IV and V), induction of mitochondrial biogenesis and upregulation of UCP2, catalase and glutathione (Masino and Rho, 2012; Mandrekar-Colucci et al., 2013; Fong et al., 2010; Bernardo and Minghetti, 2006; Heneka and Landreth, 2007; Chuang et al., 2012; Hong et al., 2008 Hong et al., , 2012 Hong et al., , 2013 Abdallah, 2010; Adabi Mohazab et al., 2012; Bough et al., 2006; Miglio et al., 2009; Sullivan et al., 2004; Yang and Cheng, 2010; Yu et al., 2008) . All of these have been suggested as possible disease modifying targets for epilepsy. Further studies are needed to identify the downstream mechanisms by which PPARγ attenuates seizures and determine how PPARγ contributes to the many other hypotheses of the KD (Masino and Rho, 2012) . Our current findings in an epilepsy model, and the continuing investigations of KD and PPARγ agonist use in stroke, Alzheimer's disease, Parkinson's disease and ALS, suggest that PPARγ may also contribute to the KD effects in these neurodegenerative diseases.
